Introduction
[2] Tropical cyclones (TCs) form cold wakes along and usually to the right (Northern Hemisphere) or left (Southern Hemisphere) of the storm track through a combination of air-sea heat transfer, upwelling, and mixing of the upper ocean [Leipper, 1967; Price, 1981; Black, 1983; Shay, 2010, and references therein] . The lifetime of these wakes, as measured by Sea Surface Temperature (SST), varies from a few days to a few weeks [Black, 1983; Cione, et al., 2000; Lin et al., 2003a Lin et al., , 2003b Price et al., 2008; Sriver et al., 2008] , with an average e-folding time of about a week [Jansen et al., 2010; Dare and McBride, 2011] . However, as shown here, the SST cold wake does not adequately represent the much deeper (order 100 m) thermal anomaly created by storm mixing.
[3] Cold wakes sometimes reappear in SST observations after a period of warming [e.g. Price et al., 2008] , but detailed observations of this phenomenon are rare with subsurface observations focusing mostly on cold wake formation and the first few days of evolution [Price, 1981 [Price, , 1983 Dickey et al., 1998; D'Asaro, 2003; D'Asaro et al., 2007; Black et al., 2007; Sanford et al., 2011] . Detailed subsurface observations of cold wakes for many weeks are necessary to understand their lifetime and evolution.
[4] The thermal structure of the upper ocean is an important factor determining the intensity of a TC [Emanuel, 1999] . Estimates have been made based on remotely sensed sea surface temperature and sea surface height anomaly (SSHA), assuming a two-layer reduced gravity ocean model (TLM) with a standard shape for the subsurface temperature profile based on climatology [Shay et al., 2000; Pun et al., 2007; Goni et al., 2009] . The temperature profile in a TC cold wake is formed by different processes than the climatological profile and, as we show here for Typhoon Fanapi (2010), is not well reproduced with the two-layer model.
[5] We report observations of the evolution of the cold wake of Typhoon Fanapi from September through November 2010 as part of the ITOP (Impact of Typhoons on the Ocean in the Pacific [D'Asaro et al., 2011; Pun et al., 2011] ) program. The combination of air-deployed instruments, strategically placed moorings and a flexible ship schedule allowed ITOP to overcome the difficulties posed by the unpredictability and rapid evolution of typhoons and the long duration of their wakes. Typhoon Fanapi formed on 14 September, slowing and executing an S-shaped track as it intensified. It then continued westward reaching category 3 status before crossing Taiwan on 19 September and dissipating after landfall on mainland China on 22 September. Fanapi formed a cold wake with SSTs >2.5 C cooler than the surrounding waters ( Figure 2 ). This paper briefly describes the data and observation methods (Section 2), defines parameters of the cold wake (Section 3), discusses the space and time evolution of both the SST and subsurface cold wakes, and finally estimates the wake lifetime and its geographical variability (Section 4). Section 5 summarizes and discusses potential mechanisms responsible for the wake's evolution.
Data
[6] Observations of upper ocean thermal structure extended from before the passage of Typhoon Fanapi to over 2 months after its passage (see Supporting Information for details of each measurement platform). Two moorings that measured temperature profiles during the entire season were located at approximately 22 N, 124 E (A4) and 21 N, 123 E (SA2), where historically the strongest Typhoon-associated winds are most likely to occur. Seventy-two AXBTs (Airborne eXpendable BathyThermograph) were deployed between 15 and 20 September during four survey and reconnaissance flights. On the 17 September flight, seven EM-APEX (Electro-Magnetic Autonomous Profiling Explorer) floats [Sanford et al., 2005] and eight ADOS (Autonomous Drifting Ocean Stations) drifters [Black et al., 2007; Centurioni, 2010] were air deployed in a line perpendicular to the 24-hour forecast storm track with spacing of~45 km. This deployment was carefully designed to maximize cross-track resolution and range while accounting for forecast error. Typhoon Fanapi passed over this line 24 hours later on 18 September. Six additional ADOS drifters and three SUPER drifters were air deployed on 19, 20, and 21 September into the cold wake. The EM-APEX floats each transmitted data for 10 days. With a few exceptions, the ADOS and SUPER drifters transmitted data for between~20 days and several months. The R/V Revelle arrived in the region on 21 September and surveyed the wake with an underway CTD (UCTD) for 3 weeks, ending on 11 October and deployed nine Seagliders [Eriksen et al., 2001] , most remaining there until early November.
[7] All instruments measured temperature profiles but not all measured salinity. Salinity made only a small (~15%) contribution to the density change as the cold wake formed. Therefore, only temperature is analyzed in this study. The depth resolution of the temperature profiles varied between the instruments. The high-time resolution vertical profiles from the EM-APEX floats, UCTD, AXBT, and Seagliders were processed into 1 m depth bins. ADOS and mooring temperatures had variable depth resolution between 4 and 25 m (see Supporting Information). Altogether, this array produced several tens of thousands of temperature profiles in the region 122 N-132 N and 19 E-27 E (henceforth, the Typhoon Fanapi region; see Figure 1 ) between 1 September and 1 November.
[8] Additional SST measurements were obtained from the remote sensing system (RSS) microwave-only optimally interpolated (MW OI) SST product, which gives the estimated daily minimum (~8 AM local time) 0.25 gridded SST (Figure 2 ). This SST product, among the many options, showed close agreement with the shallowest temperature from each profile. These, however, were often up to 10 m deep, producing up to~0.5 C difference between the in situ SST and the MW OI SST (see Figure 4 ).
Defining the Cold Wake
[9] Two EM-APEX floats (highlighted in Figure 1 ) and two ADOS drifters sampled the cold wake formation and evolution near the center of Typhoon Fanapi. The eye passed almost directly over EM-APEX 4910 (and ADOS 21523), while EM-APEX 4907 (and ADOS 21952) profiled approximately 35 km to the right (NNE) of the track, just beyond the 23 km radius of maximum surface winds. As Typhoon Fanapi passed, the mixed layer in this region cooled (Figures 3a-3c ) from~29.5 C (day 260) tõ 26.5 C (day 261) and deepened from 40 to 60 m to >80 m (Figures 4b and 4c) . Over the next week, the surface warmed by 1-2 C (Figure 4a ), creating a shallow warm layer capping the cold wake by 22 September (Figure 4c ).
[10] In the wake (Figures 3a and 3b) , the 26 C isotherm marks the base of the mixed layer, while the 27 C isotherm marks the bottom of its capping surface layer. Other platforms corroborate this: an ADOS drifter (Figure 3c ), two Seagliders (Figure 3d ), the A4 mooring (Figure 3e ), and two cross-sections from the shipboard UCTD (Figures 3f  and 3g ). Each shows a thickened 26 C-27 C layer, as do the profiles in Figure 4c . We interpret this as the subsurface signature of Typhoon Fanapi's cold wake.
[11] The term "cold wake" has traditionally referred to what we will specify as the "SST cold wake." We thus make the following definitions: the SST cold wake of Typhoon Fanapi is the patch of reduced SST (cooler by >1/e of the maximum cooling). The cold wake is the layer of reduced stratification above the 26 C isotherm. When the cold wake is capped, a layer warmer than 27 C overlies what is now the subsurface cold wake. Thus, the wake thickness is the difference in depth between the 26 C and 27 C isotherms for a subsurface (capped) cold wake and the depth of the 26 C for a cold wake that is not capped. The background thickness is the difference in depth between the 26 C and 27 C isotherms in the absence of a cold wake. The term thickness without the qualifier of wake or background refers to the thickness of the 26 C-27 C layer. The lifetime of the SST cold wake is the time for SST to warm to T 0 -ΔT/e, where T 0 is the prestorm SST and ΔT is the maximum SST cooling that occurred. The lifetime of the subsurface cold wake is the time for the thickness to decrease to ΔTh/e, where ΔTh is the maximum thickening of the 26 C-27 C layer.
Evolution of the Cold Wake

SST Cold Wake
[12] The spatial and temporal evolution of the SST cold wake is shown in Figures 2 and 3a , respectively. As Typhoon Fanapi passed, SST cooled from prestorm values of~29.5 C to~28.7 C over a wide region. The cold wake consisted of a western "filament" (~26.5 C) and an eastern "cold pool" (~25.5 C) near 23 N 127 E. The cold pool warmed to T 0 -ΔT/e 28 C by 30 September (year day 273), for a SST cold wake lifetime of 12 days.
[13] The SST warmed in two phases, at first rapidly (~4 days) and then more slowly (~10 days), but never warmed above the 28.7 C background SST (Figure 4a ). If T 0 is set to the 28.7 C background SST instead of the 29.5 C prestorm SST, the cold pool warms to T 0 -ΔT/e 27.5 C by 23 September (year day 266), coinciding with the formation of the cap and the end of the rapid cooling phase. The filament part of the wake followed a similar warming pattern. This two-phase warming trend is not unique to Typhoon Fanapi's cold wake but is a common warming pattern for cold wakes [Dare and McBride, 2011] .
[14] Spatially, the cold wake of Typhoon Fanapi was inhomogeneous. In the first SST image (Figure 2a) , the coldest water is in the eastern "cold pool" with a narrower "filament" extending westward. The cold pool remains nearly stationary, maintaining its rounded shape and remains cooler than the western part. Meanwhile, the western part of the wake warms more quickly and is advected cyclonically around a large (>200 km diameter) eddy centered near 22 N, 125 E. This cyclonic advection, apparent in many of the EM-APEX and ADOS trajectories (see Figure 1) , carries the wake past mooring A4 200 km south of the track. Indeed, subsurface cold wake signatures with thickness up tõ 70 m appear intermittently at the A4 mooring starting 5 days after the storm passage (Figure 3e) . The eddy appears to have stretched this part of the subsurface cold wake to at least 600 km long within a week, roughly a factor of 2 longer than its initial size.
The 26
C-27 C Layer
[15] The temporal evolution of the subsurface cold wake thickness using all temperature profiles is shown in Figure 4b . Prior to Typhoon Fanapi's passage, the maximum thickness was~25 m. This rapidly increased to over 110 m on 18 September (year day 261) immediately following Typhoon Fanapi's passage. The maximum thickness then decreased, reaching a minimum 24 days later (12 October, year day 285) and increasing only slightly over the next 16 days. On 28 October (year day 301), Typhoon Chaba passed over the wake remnant, outcropping the 27 C isotherm and forming a new mixed layer.
[16] The lifetime of Typhoon Fanapi's subsurface cold wake was determined by comparing its thickness to three estimates of background thicknesses; the prestorm thickness, the thickness computed using Argo profiles in the region for 2000-2010, and the thickness observed at the mooring A4. The median thickness for all three of these backgrounds was <20 m, thus making the maximum thickening of the 26 C-27 C layer, ΔTh = 110 m -20 m = 90 m. Thickness observations in the region of the subsurface cold wake approached ΔTh/e 33 m around 11 October (year day 284). Thus, 23 days is the conservative estimate for the lifetime of the subsurface cold wake of Typhoon Fanapi, almost twice the SST cold wake lifetime.
[17] A sequence of potential temperature profiles summarizes the temporal evolution of the cold wake of Typhoon Fanapi (Figure 4c ). The storm replaces the warm, shallow prestorm mixed layer with a deeper, colder mixed Figure 2 . The decay of Typhoon Fanapi's cold wave from microwave SST; images every 2 days. SST warmed rapidly for the first few days and then more slowly over the following weeks. The eastern "cold pool" persisted, while the western "filament" advected around the cyclonic eddy.
layer, that is, the cold wake. A new warmer mixed layer caps the cold wake after 4-5 days and thickens over the following days as the stratification in the subsurface cold wake strengthens slightly. Finally, a new cold wake forms as Typhoon Chaba passes through the region, erasing any remnants of Typhoon Fanapi's cold wake.
Two-Layer Model Wake Thermal Structure Estimate
[18] Two estimates (based on gridded and along track SSHA data) of Typhoon Fanapi's cold wake are also made with a two-layer model (TLM) [Shay et al., 2000; Pun et al., 2007; Goni et al., 2009] (Figures 3h and 3i) . The TLM cannot resolve the thermal structure of the subsurface cold wake even with a higher resolution single track SSHA (Figure 3h ), probably because of the simplistic two-layer assumption and the lack of vertical resolution in the upper ocean column (see section 5).
Summary and Discussion
[19] Before Typhoon Fanapi's passage, SST in the region was~29.5 C, and the mixed layer was~40 m thick. Up to 4 C of cooling occurred as a result of Typhoon Fanapi's passage. A spatially nonuniform cold wake developed on 18 September (year day 261), initially with SST of 26.5 C in the western filament and >26 C in the eastern cold pool and with mixed layer depths of >80 m. Rapid warming occurred in the first~4 days as a thin mixed layer ("cap" with T > 27 C) formed over the cold wake. On 22 September (year day 265), the warming slowed and persisted over the next~10 days. The SST cold wake warmed in two Figure 3 . Potential temperature between 17 September and 12 October (contour interval 1 C) from selected floats and drifters (a-c), Seagliders (d), and a mooring (e). Wake cross sections from the ship-board UCTD around 22 September (year day 265) (f) and 23 September (year day 266) (g) and from a two-layer reduced gravity model [Shay et al., 2000; Pun et al., 2007; Goni et al., 2009] ) estimate of the cross section using a single altimeter pass (track 203 of NASA's Jason-2 altimeter) on 21 September (h), and using a 10 day map of SSHA from 18-27 September (i). The 26 C and 27 C isotherms (highlighted contours) show the thickness of the cold wake. Vertical displacements of the isotherms reflect storm-induced upwelling, inertial motions (period~30 hours) and internal tides, which are strong in this region. The TLM fails to display the subsurface cold wake signature (h). phases, with an e-folding time of 12 days. The warm cap deepened as the subsurface cold wake (defined as the anomalously thick thermostad between the 27 C and 26 C isotherms) thinned, taking~25 days to recover to background thickness (defined by Argo climatology and southern mooring observations). Thus, the subsurface cold wake of Typhoon Fanapi persisted for twice as long as the SST cold wake, although SST never recovered to pre-Fanapi temperatures before Typhoon Chaba caused widespread cooling in the region starting on 28 October (year day 301).
[20] The cold wake of Typhoon Fanapi formed and evolved in two pieces, the filament to the west and the cold pool to the east. Several factors likely contribute to this dual-lobed development, including storm behavior and preexisting ocean conditions. The cold pool formed near where Fanapi stalled and changed direction and was thus subject to a slowly moving storm for an extended period, while the filament formed where Fanapi moved more rapidly and linearly over the ocean. The two pieces of the cold wake evolved differently due predominantly to the mesoscale eddy field. The cold pool experienced minimal eddy advection, while the filament was advected and strained by a preexisting cyclonic eddy [Lin et al., 2008] . Other factors, such as track curvature, topography, and storm-induced currents, may also have contributed to the unique formation and evolution of Typhoon Fanapi's cold wake.
[21] The warm cap observed for Typhoon Fanapi is likely a common feature of cold wakes that form during the warm season [Price et al., 2008] . Sunny conditions and light winds likely lead to the formation of the warm cap, which may isolate the cold wake from the surface and preserve it for longer than surface observations indicate. Such a capped wake represents a three-layer system, with the cap being the additional layer.
[22] The strong advection and straining of Typhoon Fanapi's wake is likely a particular characteristic of tropical C to 27 C layer, including ITOP (gray) and 2000-2010 Argo profiles (dark blue) in this region. SA2 (teal) are data from the southern mooring, 21 N 123 E. c) Summary of potential temperature profiles from selected instruments inside (red) and outside (gray) Fanapi's cold wake. The lines and shading are, respectively, the mean and standard deviation of all profiles over an inertial period from a representative instrument. The 26 C-27 C layer is shown in blue shading. The profiles were chosen to illustrate the most important stages in the life of the wake, while ignoring its geographical variations. Thus, the first three profiles represent the filament region while the last three profiles are from the cold pool region. cyclone wakes in the Western Pacific and other regions of strong mesoscale activity. In such regions, TC cold wakes are likely to travel significant distances from where they are formed, making subsurface cool anomalies difficult to associate with the parent storm. Thus, their impacts on regional heat budgets and on preconditioning the ocean response to additional storms may extend much further than the local region of the typhoon track and be difficult to track.
